The B-site cation ordering in Ba(Zn 1/3 Nb 2/3 )O 3 has been studied using a combination of first-principles energy calculations, a cluster expansion technique, and Monte Carlo simulations.
Complex perovskites with stoichiometry A(B' 1/3 B" 2/3 )O 3 1-4) have been widely used in radio frequency (RF) devices for mobile communication systems, such as waveguides, bandpass filters, resonators, and oscillators. The A(B' 1/3 B" 2/3 )O 3 crystal structure is shown in Fig 1. A high Q-factor, high dielectric constant (ε r ), and near-zero temperature coefficient of the resonant frequency (TCf) are desirable properties of these materials. In particular, a high Qfactor in the microwave regime is important so that RF systems exhibit low power consumption power and narrow frequency selectivity. The dielectric characteristics of these materials have been extensively studied [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
B-site cation ordering of A(B' [18] [19] [20] . Although it pairs a high Q-factor (Q×f~86000 GHz) with high dielectric constant (ε r~4 1) 24 , it is experimentally believed to have disordered B-site cations [25] [26] [27] [28] [29] . However, recently Kim et al.
used Raman spectroscopy to point out the possible existence of a 1:2 ordered phase in BZN after prolonged sintering 30, 31) . If this observation is correct, BZN should also be classified as an ordering system, strengthening the idea that ordering enhances microwave properties in ceramics.
Some theoretical investigation into the ordering strength of the B-cations in 32, 33) . Burton has studied ordering and disordering in A(B' 1/3 B" 2/3 )O 3 perovskites in a phenomenological manner 34) , as well as the effect of substitution of A and B cations on disordering temperature using first-principles 35) . Finally, we have studied the order-disorder behavior of . VASP numerically solves the Kohn-Sham equations in the local density approximation (LDA) using ultra-soft pseudopotentials 40,41) and a plane wave basis set. Cell parameters and positional parameters were fully relaxed for each structure with the conjugate gradient algorithm. Since little accurate data exists on BZN, we tested our pseudopotentials by comparing the calculated lattice constants of BaO, ZnO, NbO, and BaNbO 3 to experimental data.
Average lattice constants differed from experiments by about 1%.
To answer the question of the relative stability of the 1:2 ordered and disordered phases of Ba(Zn 1/3 Nb 2/3 )O 3 , we have calculated the total energies of the 1:2 ordered phase and a special quasi-random structure (SQS) 37) . Though it is not possible to directly calculate the energy of a disordered structure within the pseudopotential method, the SQS gives the best possible -3 -approximation to a disordered state within a supercell of a given number of sites. In this case, we used a cell with 9 B-sites (45 atoms in total) for which 13 pair correlations out of the 20 nearest-neighbor pair clusters are consistent with those of the ideally disordered structure. The calculated volume/atom of the SQS is 13.60 Å 3 /atom, which compares well with the experimental value of 13.72 Å 3 /atom obtained by x-ray diffraction 42) . The SQS is 318 meV higher in energy than the 1:2 ordered structure. This indicates thermodynamic stability of the ordered structure over the disordered structure, in agreement with the study by Kim et al 30, 31) .
-4 -
To more closely examine the B-site ordering in Ba(Zn x Nb 1-x )O 3 , we apply a generalized lattice model to characterize the distribution of Zn and Nb ions over the B-sites [43] [44] [45] [46] .
The energy dependence of the B-site arrangement is written as a cluster expansion, a standard technique to study configurational disorder in oxides [47] [48] [49] [50] . Within a cluster α, a pseudospin . (1) so that the energy takes on the form,
V 0 and V α are constant expansion coefficients and are called the effective cluster interactions (ECI's). The clusters α can, for example, be a nearest-neighbor pair cluster, a next nearestneighbor pair cluster, a nearest-neighbor triplet cluster, and so on. The cluster expansion is rapidly converging, even when electrostatic interactions are present [51] [52] [53] . Numerical values for the ECI can be determined by fitting to the calculated energies of a series of structures with different B-site arrangements. Thermodynamic information can then be obtained from this cluster expansion by means of Monte Carlo simulation 54) . 30, 31) .
The ECI in a cluster expansion with 13 terms is constructed for BZN by least-squares fitting to the first-principles energies 55) . The empty cluster V 0 , one point cluster, 6 pair clusters, 4 triplet clusters and one 5-pt cluster, as illustrated in Fig.3 (Fig.6) . The LRO parameter η of the 1:2 B-site arrangements is defined as:
where A s_B is the number of A atoms in the sublattice of B atoms and N is the total number of atoms. The BZN system has virtually no equilibrium disorder until it completely disorders at ~ 30, 31) . The order-disorder transition between the lowtemperature ordered phase and high-temperature simple perovskite phase (Pm3m) is predicted to occur around ~ 2480 K, keeping in mind that order-disorder transition temperatures are often overestimated by the cluster expansion technique coupled with first-principles calculations. 47, 50, 56, 57) 
